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Expansion of the universe

H2 = A4 2y Pm

Pr

2 as

a?

a(t) = the cosmic scale factor ~ size of universe

H = Hubble constant =(da/dt)/a

A = dark energy ~ cosmological constant ~

effective potential

k = curvature

pm = matter density at initial time

pr = radiation density at 1nitial time

H=constant = a=¢lt — Inflation



Eternal Inflation
a(t) ~ et =V =q(t)? ~ et r>1/H

Suppose the universe 1s sitting at a local minimum, with a
lifetime longer than the Hubble time:

Then the number of Hubble patches will increase
exponentially. Even after some Hubble patches have
decayed, there would be many remaining Hubble patches
that continue to inflate.

Eternal inflation implies that
somewhere in the universe
(outside our horizon),
inflation is still happening today.




Flux compactification in
Type |l string theory

where all moduli of the 6-dim. “Calabi-Yau”
manifold are stabilized

® There are many meta-stable manifolds/vacua,
10°% or more, probably infinite, with positive,
zero, as well as negative cosmological
constants.

® There are many (tens to hundreds or more)
moduli (scalar modes) that are dynamically
stabilized.

Giddings, Kachru, Polchinski,
KKLT vacua Kachru, Kallosh, Linde, Trivedi
and many others, 2001....



A cartoon of the stringy landscape

many local minima
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Pros : It seems that eternal inflation can be quite generic

(unavoidable) 1in the cosmic landscape.
Its presence leads to a non-zero probability for every single
site 1n the landscape, including our very own universe.

Cons : Since there are many (10°°° or more) vacua, and

some parts of the universe are still inflating, 1t 1s difficult to
see why we end up where we are without invoking some
strong version of the anthropic principle.

It 1s very difficult to make any testable prediction.

There 1s also a measure problem.

Scenarios with or without eternal inflation are very different.



A simple question :

Consider tunneling from A to C :

assume for simplicity : 'anp=1'pc=1¢g~ e_S

2
P'amo~1TaBl'p_c =17
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A simple question :
Consider tunneling from A to C :

My .p=Tp.c=Tg~e?

2
P'amc ~Ta_pl'B—c =17
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Which is correct !

F(Q) ™~ 6_25 * F(n) N e—ns negligible

.
. o —S
['(2) ~ e == T'(n) ~e
— o oY Transmission
F(l) —lore Lo coefficient
Consider the

second case :

Tac =To/2 - T(n)~Ty/n



(1) =Ty ~e®

F(Q)N%QS === ['(n) negligible

['(2) ~e ™ mmP I'(n)~e”
/

correct

Tac=To/2 T(n) ~Ty/n



To understand why :
resonance tunneling
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Y. Zhota, PRB 41 (1990) 7879.



Resonance tunneling in

semi-conductors
Wikipedia
A resonant tunnel diode (RTD) is a device
which uses quantum effects to produce
negative differential resistance (NDR). As an
RTD is capable of generating a terahertz

wave at room temperature, it can be used in

ultra high-speed circuitry. Therefore the RTD
IS extensively studied.

Chang, Esaki, Tsu, 1974


http://en.wikipedia.org/wiki/Negative_differential_resistance
http://en.wikipedia.org/wiki/Negative_differential_resistance
http://en.wikipedia.org/wiki/Terahertz_wave
http://en.wikipedia.org/wiki/Terahertz_wave
http://en.wikipedia.org/wiki/Terahertz_wave
http://en.wikipedia.org/wiki/Terahertz_wave

transmission

Generic wavefunction
spread 1n energy :

TA—C) =

T(A — B)T(B — C)

~ Ty/2

08 [

T(A— B)+T(B—C) naive
e ¢
| | T(n) ~1Ty/n

' 1 In any meta-stable site in
} | { the cosmic landscape, we
| '\ ] cannot focus only at its

\ nearest neighbors.
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Resonance tunneling in QFT :
Saffin, Padilla and Copeland, arXiv:0804.3801 [hep-th]
Sarangi, Shiu, Shlaer, arXiv:0708.4375 [hep-th]



In a d-dimensional potential :

haive : P?f'“ ~ 2d T

The time for 1 e-fold of inflation 1s Hubble
time 1/H, so the lifetime of a typical site
seems to be much longer than the Hubble
scale, and eternal inflation 1s unavoidable.

Very roughly : [} ~ n 1T,

For large enough d (and maybe n)
no~1/Hs the tunneling can be fast.



Outline

Tunneling in the cosmic landscape is quite different

from tunneling between 2 sites.

It is harder to trap a wavefunction in higher

dimensions. Also, the barriers in some directions in

the landscape are known to be exponential

The vacuum energy in the landscape plays t

y low.

ne role

of a finite (Gibbons-Hawking) temperature effect,

enabling faster tunneling.

Treating the landscape as a random potential, we
can borrow the knowledge developed in condensed
matter physics to estimate the mobility of the

wavefunction in the landscape.



The QM wavefunction is harder to
be trapped in higher dimensions:

n(r)" + (2"2[15 v - S 3)) n(r) =0

T

Repulsive

A 1-dim. attractive delta-function potential always
has a bound state but not a 3-dim one.

W(r) = D)



Harder to trap in higher dimensions

-Vo

Spherical square well :

V()=-Vo r<R
=0 r>R
Ko2 = 2mVo
Y(r) ~ ear
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Axionic potentials

V=V, + E ;COS(2m ;) + E 3;;cos(2m ¢
i i,

O; = i/ fi ; ~ e

8ii] < a;

For light axions, the potential heights are
very low. In some directions, the barriers
can easily be exponentially low.

Svrcek and Witten, hep-th/0605206
McAllister and Easther, etc



Outline

Tunneling in the cosmic landscape is quite different
from tunneling between 2 sites.

It is harder to trap a wavefunction in higher
dimensions. Also, the barriers in some directions in
the landscape are known to be exponentially low.

The vacuum energy in the landscape plays the role
of a finite (Gibbons-Hawking) temperature effect,
enabling faster tunneling.

Treating the landscape as a random potential, we
can borrow the knowledge developed in condensed
matter physics to estimate the mobility of the
wavefunction in the landscape.



Coleman-de Luccia (CDL) Tunneling

I'(CDL) ~ e *©

U(#)
. False
b Domain wall




In Coleman-de Luccia Tunneling

I'(CDL) ~ e *©
In the thin wall approximation :
log,, B
20 |
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for fixed domain wall tension 7 and
(false-true) energy density difference ¢ =U(¢;) — U(o-)



Tunneling is much faster at higher C.C.

Hawking-Moss :

top
4 4

P g2 Mp  Mp

: P ~ G_BHM — e 24m [U(¢—|—) U(¢t)]
H? =U/3M5
P

812 SU
By = oU =U(¢r) — U(o4)

3 H2H?



2 Formulae :

27 2 4 9 2
CDLthinwall: B ~ T Sl

Gibbons-Hawking temperature Ty = H /2w



Coleman-de Luccia (CDL)
tunneling




Bounce B as the vacuum
energy 1s increased

while the shape of the barrier is fixed
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[~ Ae P,

B =Sp(¢) — Se(o4)

Thermal Quantum
F i 6—(SE(¢JC+)_SE(¢+)) 6_(SE(¢bounce)—SE(q§f+))
HM CDL

Affleck : FN/dEe—(E—E(¢+))/Te—J(E)

Brown and E.Weinberg

.A b N
J(E) =2 [, do/2(V(9) —E) 7 4rxiv: 0706.1573



Finite Hawking temperature effect

U(¢;) should be replaced by U(¢;,T)

Expanding about the top of a symmetric barrier :

2
U6 T=0)=~"0-6+ 36" + ..

NT'2 A
= U(,Tn) = 5(5L -5 + 6"+ ..

No trapping if for o 24m?
: TH > : 9
any modulus : \;




A comment :

® Tunneling of a D3-brane can be significantly
enhanced by 1ts Dirac-Born-Infeld action.

CDL:

Brown, Sarangi, Shlaer and Weltman,
ArXiv 0706.0485 [hep-th]

Hawking-Moss :

Tolley and Wyman, ArXiv
0801.1854 [hep-th]
Wohns, ArXiv 0802.0623 [hep-th]



Outline

Tunneling in the cosmic landscape is quite different
from tunneling between 2 sites.

It is harder to trap a wavefunction in higher
dimensions. Also, the barriers in some directions in
the landscape are known to be exponentially low.

The vacuum energy in the landscape plays the role
of a finite (Gibbons-Hawking) temperature effect,
enabling faster tunneling.

Treating the landscape as a random potential, we
can borrow the knowledge developed in condensed
matter physics to estimate the mobility of the
wavefunction in the landscape.



The vastness of cosmic landscape

® At a typical meta-stable site, count the number of
parameters or the number of light scalar fields.
This gives the number of moduli, or directions 1n
the field space.

® This number at any neighborhood in the
landscape may be taken as the dimension d of
the landscape around that neighborhood.

® The landscape potential 1s not periodic (though it
may be close to periodic along some axion
directions). It 1s very complicated.

® [ ctus treat it as a random potential.



a cartoon:

A

AN

Landscape : looks like
a random potential in multi-dimensions



The wavefunction of the universe

may be crudely approximated by that of a D3-brane

moduli open string modes

cosmic scale factor

The behavior of the wavefunction in the landscape is
a quantum diffusion and percolation problem.



Anderson localization transition

e random potential/disorder medium

® 1nsulation-superconductivity transition

® (uantum mesoscopic systems

e conductivity-insulation in disordered systems
® percolation

® strongly interacting electronic systems

® doped systems, alloys, .........



Some references :
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Define a dimensionless conductance g
in a d-dim. hypercubic region of size L

gd(L) — OLd_2

conductivity

/
d=3, g = oc(Area)/L ~ oL
Thouless :g(L) ~ (L/@)(d_z)
Conducting/mobile (metalic) with finite conductivity

Mobileness
Mobility

Conductance
Conductivity



How does g scale !
Given g at scale a, what is g at scale L
as L becomes large ?

g(a) ~ |p(a)| ~ e ¢

/

ga(L) ~ e L/ ga(L) = o L7772

! !

Insulating, localized, Conducting, mobile
trapped, eternal inflation

zero conductivity



- dln ga(L)

Ba(ga(L)) T T

ga(L) ~ e L/§ gd(L) — o472

Ing ~ —L = —e™t l 1

lim B4(g) — InL  lim Ba(g) — d — 2
g—0 Je g—00



~ dln gq(L)

Ba(ga(L)) T




this zero of B4(g) corresponds to an unstable fixed point

g(a) < Ge g(a) > Ge

| |

gd(L) ~ e_L/€ gd(L) — O'Ld_2

! !

Insulating, localized,

. . Conducting, mobile
trapped, eternal inflation -



What 1s the critical g¢ ?

Alng.=Ing.(d) —Ing.(d+1) =k >0
ge(d) =~ e~ g,(3)

Shapiro:  g,(g) = (d—1) = (9+1)In(1 +1/g)

gc = 6_(d_1)

d=I:
Anderson, Thouless, Abraham, Fisher, Phys. Rev. B 22,3519 (1980)

v — 1



Condition for mobility
ge = e (471 g(a) ~ [p(a)| ~ e/

a
d>—-+1
§

To~ [ih(a)f? ~ e/

Generic decay rate to nearest
neighbor in the landscape :

FO > 6—2(d—1)
Mobile™

d~ 100



The picture from the scaling theory

mobile \‘
Sharp transition

trapped,

exponentially
long lifetimes



To estimate the transition CC 1n
the cosmic landscape:

® Tunneling from a positive CC site to a negative CC
site 1s 1ignored (CDL crunch).

® Tunneling from a dS site to another dS site with a

larger CC 1s 1gnored.

ANB

C

AN

g(a) ~ |¢(a)| ~ e™/*




Estimate of critical C.C.

assume a random distribution : ~ \q—l

fraction of sites : F(A) = (A/Ag)*

N(A) = f(A)Ny = f(A) (S([L\S)>d B (.q(LA)>d
d=s(A)/E+1 ( A )/

| s(A) = s(Ag)
€~ s(Ag) ~ — ~ AT

Mg 5

As

For flat distribution : —d a4
or flat distribution Ac ~ Ms
d > 60



Is there eternal inflation ?

Gibbons-Hawking temperature makes it harder to trap the wave
function of the universe at a classical local vacuum site in the
landscape.

The presence of many moduli (tens to hundreds) makes 1t harder
to trap the wavefunction. Furthermore, the moduli-axion
potential has many low barrier directions.

The vastness of the landscape (both 1n the number of moduli-
axions and 1n the number of metastable sites) enhances the decay
of any metastable site.

Treating the cosmic landscape as a random potential, one can
borrow the RG techniques developed in condensed matter
physics to argue that there 1s no eternal inflation in the
landscape, until the CC 1s exponentially small.



Inflation in the landscape

e Inflation takes place while the brane 1s moving in the
landscape (and 1n the bulk).

e [t rolls, scatters, percolates (bouncing around), hops
and tunnels, happens at a rate of 20 to 10,000 times per
e-fold. So 1t 1s like “rapid old inflation”, but may look
like slow roll. tp ~10°H !

® [t 1s like inflation with a random multi-dimensional
potential. This will lead to random fluctuations 1n the
CMBR Power spectrum.

Freese, Spolyar, Liu Huang ..... Davoudiasal, Sarangi, Shiu
Sarangi, Shlaer, Shiu,  Podolsky, Majumder, Jokela Chialva, Danielsson

Watson, Perry, Kane, Adams H.T., Zhang, Xu



Treating the landscape as a multi-dimensional random
potential, inflation 1n such a potential will lead to random
oscillations in the CMBR power spectrum.
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Summary

The universe 1s freely moving in the stringy landscape when
the vacuum energy density 1s above a critical value.
Because of mobility, there 1s probably no eternal inflation.

When the universe drops below the critical C.C. value, it
stays there. Its lifetime there 1s exponentially long.

The critical C.C. value 1s exponentially small compared to
the string/Planck scale.

This scenario suggests an inflationary scenario in the
landscape, which hopefully leads to observable fluctuations
in the CMBR power spectrum.



